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ABSTRACT 

This paper presents reliability assessment of power systems with an advanced 
probabilistic method. The main task of power system is to supply consumers with electrical 
power within defined quality standards regarding reliability of power supply. Power system 
reliability is usually presented with indicators, which describe the probability that electrical 
power supply is interrupted. As modern power systems are large and complex, their reliability 
is assessed separately on different levels: generation systems, composite generation and 
transmission systems, distribution systems.  

The main objective of this paper is to present an advanced probabilistic method for 
power system reliability assessment, which is defined on generation system level. 
Improvements are achieved by implementation of common cause failures, which are an 
important parameter within probabilistic safety assessment. Common cause failures describe a 
condition, where several components share the same source of failure or a coupling 
mechanism that causes them to fail or become unavailable simultaneously. 

This paper includes mathematical derivation of presented method. The theory is then 
applied to smaller power systems. Results show that such extension is possible. They also 
show that power system reliability decreases, if common cause failures of several generating 
units are considered. 

1 INTRODUCTION  

The main task of power system is to supply consumers with electrical power within 
defined quality standards including uninterrupted power supply. Disturbances in power 
system can occur instantly or by chance at any time, therefore power system reliability 
analyses need to be performed in a probabilistic manner. As disturbances can cause power 
system instability or its collapse, where several consumers might be affected, reliability 
analyses provide essential data about system current state and potential upgrades [1].  

The main objective of this paper is to present an advanced probabilistic method for 
power system reliability analyses and assessment. Upgraded method enables more detailed 
power system reliability analyses, as it allows that several generating units in power system 
may fail simultaneously due to the same source of failure, e.g. lightning strike, thunderstorms, 
design fault of the same manufacturer, which was previously impossible. Improvements are 
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achieved by implementing common cause failures, which are an important parameter within 
probabilistic safety assessment.  

2 POWER SYSTEM RELIABILITY ASSESSMENT 

Power system reliability is defined as probability that all consumers will be supplied 
with electric power within defined quality standards. As modern power systems are large and 
complex, their reliability is assessed separately on different levels: generation systems, 
composite generation and transmission systems, distribution systems. Analysing power 
systems reliability as a single entity would lead to enormous number of calculations and 
attained results, which would be impractical to examine. For that reason reliability indicators 
are defined on each level separately and generally describe the probability that electrical 
power supply is interrupted to at least one consumer [2]. 

As power system is consistent of a large number of components, proper operation of 
any component can be vital for systems stability. Therefore working state of each component 
is generally described with two elementary states: operational state and state of failure. 
Consequently availability and unavailability of each component can be defined. Availability 
is defined as a ratio between components mean time of operation and duration of the whole 
cycle, while unavailability is described as ratio between components mean time of failure and 
the duration of the whole cycle.  

2.1 Reliability assessment with fault tree analysis  

Fault tree analysis (FTA) is a standard method for assessment and improvement of 
system reliability, where system failures are analysed on basis of component failures. 
Evaluation of failure probability of each component is performed with probability models that 
are selected according to the component function [3].  

Fault tree analysis is an analytical approach, where an undesired top event is defined, 
i.e. system failure, and the system is then analysed in the context of its environment and 
operation to find all possible ways in which the undesired event can occur. Fault trees are 
graphical models of combinations of basic events that can result to an undesired event 
connected through logical gates. The undesired top event is defined at the top of the fault tree 
and it describes an inability of a system to perform its proper functions. The basic event is 
evaluated as a fault of one component in the system (generator, valve, line, bus, transformer) 
in a particular failure mode. All operations between events are presented with logical gates 
and based on Boolean algebra. The more gates and events the fault tree contains, the more 
complex its evaluation is [3]. 

2.1.1 Common cause failures 

Common cause failures (CCF) are an important part of fault tree analysis within 
probabilistic safety assessment and describe a phenomenon, where several components fail 
simultaneously due to a shared cause of failure. Components may fail simultaneously due to a 
root cause of failure (e.g. design fault of the same manufacturer) or due to a coupling 
mechanism that creates a condition causing several components to fail (e.g fault due to the 
same maintenance manner) [4]. CCF can highly endanger the benefits of the redundancy, if 
the diversity of components is not properly adjusted.  

CCF of several components can be divided into groups, i.e. common cause failure 
groups, according to few criteria: same manufacturer, similar design, same location, same 
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vibration, moisture, temperature or radiation sensitivity, similar operation or maintenance 
manner, human related factor [5].  

Basic event describing failure of one component in a particular failure mode contains 
effects of all individual and all CCF events. Among explicit approach for CCF estimation a 
basic event is divided into a dependent and an independent part. Then both parts can be 
evaluated with a proper CCF model, which can be Beta factor model, Multiple Greek letter 
model or Alpha factor model. Extended basic events considering CCF are then implemented 
into basic fault tree describing system failure.  

Among our approach for power system reliability assessment the Beta factor model was 
used, which is the simplest and first derived model for CCF estimation. The model assumes 
that within one common cause failure group the value of parameter β is constant and that 
when CCF occurs, all components within described group fail simultaneously [6].  

Figure 1 shows how CCF are explicitly implemented into a fault tree model. A fault tree 
in the figure describes a system, which fails, if both of contained components fail at the same 
time. If CCF are considered according to Beta factor model, then the system fails, if both 
components fail individually or if both components fail due to CCF.  
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Figure 1: Implementation of CCF according to Beta factor model 

According to CCF definition total component failure probability is defined as follows 
[4]: 

𝑄𝐾 = 𝑄𝐾𝑖 + 𝑄𝐶𝐶𝐹  (1) 

where 𝑄𝐾𝑖 presents an independent failure probability of one component (so in 
described system independent failure probabilities of components A and B) and 𝑄𝐶𝐶𝐹 presents 
CCF probabilities of several components (so in described system a CCF probability of 
components A and B). If CCF are considered according to Beta factor model, independent 
and CCF probabilities can be evaluated as follows: 

𝑄𝐾𝑖 = (1 − 𝛽)𝑄𝐾  (2) 

𝑄𝐶𝐶𝐹 =  𝛽 𝑄𝐾  (3) 

The value of β parameter is between 0 and 1. For example, if β is estimated as 0.1, then 
CCF contribute 10% to the total component failure probability, and if β is equal 0, CCF are 
not considered [4]. 

2.2 Loss of load probability, loss of load expectation 

Loss of load probability (LOLP), or similarly loss of load expectation (LOLE), are 
probabilistic approaches for assessing reliability of power systems on generation system level 
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and are the most widely accepted approaches among power system reliability analyses. 
Failure of one generating unit does not necessary point to loss of load, if the available 
generating capacity is higher than expected load in the system. The term loss of load is 
discussed, when expected load in the system is higher than the possible power generation 
after an outage of one generating unit. Consequently a reserve capacity needs to be available 
in the system, which can be ensured either by higher installed generating capacities or can be 
imported [1], [2]. 

 The LOLP does not really stand for probability; it expresses statistically calculated 
percentage of time within a defined time frame, when energy consumption is not covered. 
Time frame is usually defined as 1 year, which represents 100% of time, and LOLP presents 
the percentage of whole year, when the consumption cannot be covered [1]. Index LOLP is 
evaluated with expected risk of loss of power supply, where one or more generating units are 
assumed to fail [1]: 

𝐿𝑂𝐿𝑃 = ∑ 𝑝𝑖𝑡𝑖𝑛
𝑖=1  [%/𝑦𝑒𝑎𝑟] (4) 

where 𝑝𝑖 is defined as probability of loss of one or more generating units and 𝑡𝑖 is the 
duration of loss of power supply presented in % of time.  

Index LOLE is defined similarly as LOLP, only time units are expressed in hours [1]: 

𝐿𝑂𝐿𝐸 = ∑ 𝑝𝑖𝑡𝑖𝑛
𝑖=1  [ℎ/𝑦𝑒𝑎𝑟] (5) 

So LOLE defines statistically calculated hours within proposed time frame, when 
assumed power consumption is not covered. If the value of LOLE is less than 10 h/year, then 
the considered power system can be marked as reliable [7]. Nevertheless, indexes LOLE and 
LOLP can also be defined on daily basis. 

2.2.1 Loss of load expectation example 

This section demonstrates how LOLE is evaluated. The observed power system is 
consistent of three generating units: A, B and C. Table 1 contains installed power, 
unavailabilites (Un) and availabilities (Av) of proposed units. Totally installed capacity in the 
system is 350 MW. 

Table 1: Generating units descriptions 

 P [MW] Un Av 
A 50 0.02 0.98 
B 100 0.03 0.97 
C 200 0.02 0.98 

First of all, all outage combinations of generating units need to be defined. So units A, 
B or C may fail individually, units A and B, A and C or B and C can fail together at the same 
time, or all three units may fail simultaneously. Then, probabilities of all outage events must 
be evaluated. Probability of one outage event is evaluated as a product of unavailabilites of 
units being in outage and availabilities of units remaining in service. For example, if only unit 
A fails, the probability of this event is evaluated as a product of unavailability of unit A and 
availabilities of units B and C.  

For each outage state also durations of loss of power supply need to be evaluated. 
Figure 2 shows a daily load diagram for considered system, where generating unit B is 
assumed to be in outage. Consequently only 250 MW generating capacity is available and 
therefore duration of loss of power supply is estimated as 10 hours per day.  
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Figure 2: Daily load diagram 

Table 2 contains calculation of LOLE for observed system on daily basis. All possible 
combinations of units in outage, probabilities of each capacity occurrence and estimated 
durations of loss of power supply are defined.  

Table 2: LOLE calculation 

Units in 
outage 

Capacity in 
outage [MW] 

Capacity in 
service [MW] 

Probability of each capacity pi ti 
[h] 

𝑝𝑖 ∙ 𝑡𝑖 

0 0 350 𝐴𝑣𝐴 ∙ 𝐴𝑣𝐵 ∙ 𝐴𝑣𝐶 = 0.9316 0 0 
A 50 300 𝑈𝑛𝐴 ∙ 𝐴𝑣𝐵 ∙ 𝐴𝑣𝐶 = 0.019 0 0 
B 100 250 𝐴𝑣𝐴 ∙ 𝑈𝑛𝐵 ∙ 𝐴𝑣𝐶 = 0.0288 10 0.288 
C 200 150 𝐴𝑣𝐴 ∙ 𝐴𝑣𝐵 ∙ 𝑈𝑛𝐶 = 0.019 24 0.456 
A B 150 200 𝑈𝑛𝐴 ∙ 𝑈𝑛𝐵 ∙ 𝐴𝑣𝐶 = 0.0006 20 0.012 
A C 250 100 𝑈𝑛𝐴 ∙ 𝐴𝑣𝐵 ∙ 𝑈𝑛𝐶 = 0.0004 24 0.0096 
B C 300 50 𝐴𝑣𝐴 ∙ 𝑈𝑛𝐵 ∙ 𝑈𝑛𝐶 = 0.0006 24 0.0144 
A B C 350 0 𝑈𝑛𝐴 ∙ 𝑈𝑛𝐵 ∙ 𝑈𝑛𝐶 = 0.000012 24 0.0003 

LOLE 0.78 

LOLE is calculated as 0.78 hours per day. That means that for 0.78 hours in one day 
power is not supplied to at least one consumer. 

2.3 Extension of Loss of load expectation 

Let us assume that generating units A and C in previously described power system can 
fail due to CCF, e.g. design fault of the same manufacturer. Now, it is important to recognise 
all outage events, where units A and C fail simultaneously. Basically there are two such 
events defined: units A and C are in outage and unit B is in service, and all three units A, B 
and C are in outage. These events require further examination.  

According to CCF definition proposed events contain all individual and all CCF events. 
So these events can be divided into an event, where units A and C fail simultaneously due to 
individual reasons, and into an event, where units A and C fail due to CCF at the same time. 
All other outage events remain unchanged.  

Therefore unavailabilities (which can also be noticed as failure probabilities) of units A 
and C need to be evaluated with a proper model for CCF estimation. In our case Beta factor 
model was used, where a generic value of 0.1 was prescribed to β. CCF definition suggests: 

𝑈𝑛𝐴 = 𝑈𝑛𝐴𝑖 + 𝑈𝑛𝐴𝐶_𝐶𝐶𝐹  (6) 

𝑈𝑛𝐶 = 𝑈𝑛𝐶𝑖 + 𝑈𝑛𝐴𝐶_𝐶𝐶𝐹   (7) 
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Consequently individual and CCF probabilities for units A and C were defined: 

𝑈𝑛𝐴 = 𝑈𝑛𝐶 = 𝑈𝑛 = 0.02 (8) 

𝑈𝑛𝐴𝑖 = (1 − 𝛽)𝑈𝑛 = (1 − 0.1)0.02 = 0.018  (9) 

𝑈𝑛𝐶𝑖 = (1 − 𝛽)𝑈𝑛 = (1 − 0.1)0.02 = 0.018 (10) 

𝑈𝑛𝐴𝐶_𝐶𝐶𝐹 =  𝛽 𝑈𝑛 = 0.1 ∙ 0.02 = 0.002  (11) 
Now outage events, where units A and C fail at the same time, need to be evaluated 

with two events: one, where units A and C fail simultaneously due to individual causes, and 
one, where units fail simultaneously due to CCF. Table 3 contains LOLE calculation, where 
CCF of units A and C are considered. 

Table 3: LOLE calculations with CCF consideration 

Unit in 
outage 

Capacity 
in outage 
[MW] 

Capacity 
in service 
[MW] 

Probability of each capacity pi ti 
[h] 

𝑝𝑖 ∙ 𝑡𝑖 

0 0 350 𝐴𝑣𝐴 ∙ 𝐴𝑣𝐵 ∙ 𝐴𝑣𝐶 = 0.9316 0 0 
A 50 300 𝑈𝑛𝐴 ∙ 𝐴𝑣𝐵 ∙ 𝐴𝑣𝐶 = 0.0190 0 0 
B 100 250 𝐴𝑣𝐴 ∙ 𝑈𝑛𝐵 ∙ 𝐴𝑣𝐶 = 0.0288 10 0.288 
C 200 150 𝐴𝑣𝐴 ∙ 𝐴𝑣𝐵 ∙ 𝑈𝑛𝐶 = 0.0190 24 0.456 
A B 150 200 𝑈𝑛𝐴 ∙ 𝑈𝑛𝐵 ∙ 𝐴𝑣𝐶 = 0.0006 20 0.012 
Ai Ci 250 100 𝑈𝑛𝐴𝑖 ∙ 𝐴𝑣𝐵 ∙ 𝑈𝑛𝐶𝑖 = 0.0003 24 0.0072 
AC_CCF 250 100 𝑈𝑛𝐴𝐶_𝐶𝐶𝐹 ∙ 𝐴𝑣𝐵 = 0.0019 24 0.0456 
B C 300 50 𝐴𝑣𝐴 ∙ 𝑈𝑛𝐵 ∙ 𝑈𝑛𝐶 = 0.0006 24 0.0144 
Ai B Ci 350 0 𝑈𝑛𝐴𝑖 ∙ 𝑈𝑛𝐵 ∙ 𝑈𝑛𝐶𝑖 = 0.00000972 24 0.0002 
B AC_CCF 350 0 𝑈𝑛𝐴𝐶_𝐶𝐶𝐹 ∙ 𝑈𝑛𝐵 = 0.00006 24 0.0014 

LOLE 0.83 

Results show, that if CCF of units A and C are considered, LOLE increases to 0.83 
hours per day. Therefore we can assume that observed power system is not as reliable, as it 
was previously considered.  

If CCF are considered within power system reliability analyses, the fictive structure of 
observed system changes, as CCF of several generating units are implemented. Therefore 
more detailed reliability analyses can be performed, as more detailed outage states of 
generating units can be described. Consequently equation (5) can be extended: 

 𝐿𝑂𝐿𝐸 = ∑ 𝑝𝑖𝑡𝑖𝑛−𝑚
𝑖=1

𝑖≠𝑘,𝑙,…
+ ∑ (𝑝𝑖_𝑖𝑛𝑑 + 𝑝𝑖_𝐶𝐶𝐹)𝑚

𝑖=𝑘,𝑙,… 𝑡𝑖 [ℎ/𝑦𝑒𝑎𝑟] (12) 

where n presents the number of all outage events, m presents the number of outage 
events, where mutually dependent units fail simultaneously, and indexes k, l… present outage 
events, where generating units, that have potential of CCF, fail simultaneously. Consequently 
𝑝𝑖_𝑖𝑛𝑑 presents probability of outage event, where several units fail simultaneously due to 
individual reasons, and 𝑝𝑖_𝐶𝐶𝐹 presents probability of outage event, where several units fail 
simultaneously due to CCF, and 𝑡𝑖 describes the duration of loss of power supply.  

Nevertheless, determining what portion of all failures present CCF is an important 
aspect of the presented approach, as well as consequently obtaining the value of beta 
parameter. Due to the high uncertainty of beta parameter value, LOLE value might 
additionally change. Subsequently if the value of beta parameter is estimated as 0.3, LOLE 
for considered system increases to 0.92.  
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3 CASE STUDY AND RESULTS 

Newly developed method was tested on a simplified Slovenian power system, where 
some additional assumptions were considered. Among LOLE evaluation only thermo and 
nuclear power plants were considered as potentially probable to fail. Calculations also assume 
that hydro power plants operate continuously during the whole year and constantly supply 
20% of required consumption, and that only 10% of required capacity is constantly imported. 
Table 4 contains descriptions of generating units in Slovenian power system. Expected yearly 
load diagram is based on measurements from year 2010 [8]. 

Table 4: Description of generating units [7], [9] 

  Description P [MW] Av Un 
NEK Nuclear power plant Krško 696 0.9718 0.0282 
TEB Thermo power plant Brestanica-gas 312 0.8954 0.1046 
TET 4 Thermo power plant Trbovlje- brown coal 105 0.8383 0.1617 
TET PB Thermo power plant Trbovlje-gas 59 0.7 0.3 
TEŠ 3 Thermo power plant Šoštanj-coal, lignite 75 0.9843 0.0157 
TEŠ 4 Thermo power plant Šoštanj-coal, lignite 248 0.9137 0.0863 
TEŠ 5 Thermo power plant Šoštanj-coal, lignite 305 0.9557 0.0443 
TE-TOL Thermo power plant Ljubljana-imported coal 112 0.9267 0.0733 

If CCF are not considered, LOLE is calculated as 59.38 h/year. The value of index is 
highly above recommended 10 h/year, therefore we can assume, that Slovenian power system 
is not very reliable. This may suggest that more than 10% of required capacity should be 
imported and that some extensions of existing system, e.g. new power plants, should be 
proposed.  

Now, let us assume that two units of thermo power plant Trbovlje (TET 4, TET PB) 
may fail due to CCF. Their joint installed capacity is 164 MW. As both units are installed at 
the same location in the system, potential weather conditions, e.g. lightning strike, may cause 
them to fail simultaneously. CCF are evaluated with Beta factor model, where β parameter is 
assumed to be 0.1. For such system configuration LOLE increases to 61 h/year, where its 
value is nearly 2 hours higher than previously considered. With higher obtained value we can 
assume, that Slovenian power system is even less reliable, if CCF of units in power plant 
Trbovlje are considered.  

Then, let us assume that all 3 generating units in thermo power plant Šoštanj (TEŠ 3, 
TEŠ 4, TEŠ 5), with joint installed capacity of 628 MW, may be impacted by the same source 
of failure. A potential common mechanism, which may cause all units to fail, may be a fault 
due to similar maintenance manner of secondary equipment. In this case CCF are also 
evaluated with Beta factor model and β is also assumed to be 0.1. For such system 
configuration LOLE is calculated as 63.43 h/year. Here, the value of LOLE increased for 4 
hours, so the system is estimated to be even less reliable. Eventually, even increased imported 
capacity and proposed system upgrades would not satisfy the reliability criteria. Consideration 
of CCF showed that LOLE is actually higher and that the reliability of power system is much 
lower than previously considered.  
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4 CONCLUSION 

The main objective of this paper was to present a progressive probabilistic method for 
power system reliability analysis and assessment. Newly developed method can be used for 
more detailed power system reliability analyses on generation system level. Proposed method 
in contrast to earlier developed methods allows that several power plants in power system 
may fail due to a shared cause of failure, e.g. severe weather conditions, which was 
previously impossible. The improvements were implemented by consideration of common 
cause failures, which are an important part of probabilistic safety assessment. The method 
was developed on a smaller power system and tested on simplified Slovenian power system. 

Results show that power system reliability decreases, if two generating units share the 
same source of failure and may therefore fail simultaneously. Further, if more generators may 
fail due to a common cause failure, power system reliability decreases even more. According 
to obtained results power system is less reliable than previously considered; therefore even 
increased imported capacity and proposed system upgrades would not sufficiently improve 
the reliability of considered power system.  

The main issue of presented method is obtaining data for common cause failure 
estimation, as failures of generating units have not been observed in detail to determine, what 
portion of all failures present the common cause failures. Consequently due to the uncertainty 
of estimated beta parameter value, the value of LOLE might additionally change. 
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